Abstract Redox active films have been generated via electrochemical reduction in a solution containing palladium(II) acetate and fulleropyrrolidine with covalently linked crown ethers, viz., benzo-15-crown-5 and benzo-18-crown-6. In these films, fullerene moieties are covalently bonded to palladium atoms to form a polymeric network. Films show ability to coordinate alkali metal cations from the solution. Therefore, in solutions containing salts of alkali metal cations, benzo-15-crown-5-C 60 /Pd and benzo-18-crown-6-C 60 /Pd films are doped with cations coordinated by crown ether moiety and anions of supporting electrolyte which enter the film to balance positive charge. These films are electrochemically active in the negative potential range due to the reduction of the fullerene moiety. Reduction of the polymer is accompanied by the transport of supporting electrolyte ions between solution and solid phase. In solution containing alkali metal salts, the process of film reduction is accompanied by the transport of anions from the film to the solution. In the presence of tetra(alkyl) ammonium salts, transport of cations from the solution to the film takes place during the polymer reduction.
Introduction
Study of fullerene derivatives has rapidly grown in recent years due to their practical applications covering diverse applications. Several synthetic approaches have been developed to prepare a variety of fullerene derivatives. For example, a series of fulleropyrrolidine derivatives were synthesized by 1,3-dipolar cycloaddition to C 60 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . This procedure has been used to link a crown ether moiety to fulleropyrrolidine [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . It was shown [11] [12] [13] [14] 21 ] that crown ether-bearing fulleropyrrolidine possesses interesting electrochemical and photophysical properties.
Crown ethers exhibit ability to complex cations of alkali and alkali earth metals [22] [23] [24] . Hence, they have been widely used in the construction of alkali metal detectors. Recently, conjugated conducting polymers functionalized with crown ether substituents have been used as new materials for alkali metal ion detection [25] [26] [27] [28] [29] [30] . These materials can be used for fabrication of all-solid sensing electrodes [31] .
Recently, we developed an electrochemical procedure for the formation of two-component fullerene films based on the electroreduction carried out in a solution containing fullerene [32] [33] [34] [35] [36] or fullerene derivatives [37] [38] [39] [40] and various transition metal complexes. In these polymers, fullerene moieties are covalently bonded to transition metal atoms or their complexes to form a polymeric network. These materials exhibit electrochemical activity in the negative potential range due to rich electroreduction of the fullerene moieties. Films containing fullerene derivatives with covalently attached redox probe, ferrocene, zinc porphyrin, or single-wall carbon nanotubes additionally show electrochemical activity at positive potentials [37] [38] [39] . In this case, the oxidation of electron-donating redox groups attached to the main backbone of the polymer is responsible for the anodic redox activity.
The process of reduction or oxidation of polymeric fullerene-based materials is accompanied by the transport of charge-compensating counterions within the matrix [33, 37] . The overall control of charge percolation through the electroactive material is governed by the transport of these counter ions. It was found that different factors can influence the rate of ion transport through the polymeric layer. The degree of solvent swelling [41] [42] [43] , size of supporting electrolyte ions [33] , and morphology of the polymeric material [44] are the most important factors that determine the redox properties of the layer.
In this paper, we examine the formation of new polymeric films prepared by reduction in solution containing palladium(II) acetate and fulleropyrrolidine with covalently linked crown ethers, benzo-15-crown-5-C 60 and benzo-18-crown-6-C 60 (Scheme 1). Electrochemical properties of these films in solution containing different alkali metal cations have also been studied. It is anticipated that the presence of crown ether moiety in the film will significantly influence the ion transport within the film. Therefore, the process of doping/undoping of the film during polymer reduction and re-oxidation has been systematically investigated. Such study is of paramount importance from the point of seeking further applications especially in the development of electrochemical redox switches and sensors.
Experimental
Palladium acetate (Aldrich), Pd(ac) 2 , and C 60 (SES, Houston, TX or Southern Chemical Group) were used as received.
The supporting electrolytes, tetra(n-butyl)ammonium perchlorate, (n-Bt 4 N)ClO 4 , lithium perchlorate, LiClO 4 , lithium hexafluoroarsenate, LiAsF 6 , lithium tetrafluoroborate, LiBF 4 , potassium hexafluorophosphate, KPF 6 , and cesium hexafluoroarsenate, CsAsF 6 (Sigma Chemical Co.), were used as received. Acetonitrile (99.9%) and toluene (99.9%) were used as received from Aldrich Chemical Co.
Synthesis of 2-(benzo-15-crown-5)fulleropyrrolidine, 1 To 100 ml of dry toluene, C 60 (100 mg, 0.138 mmol), 5 eq. of 4′-formylbenzo-15-crown-5 (205 mg, 0.694 mmol) [45] , and 3 eq. of sarcosine (37 mg, 0.416 mmol) were added, and the mixture was refluxed for 4-5 h. Solvent was removed under vacuum, and the crude compound was adsorbed onto silica gel and was purified on a silica gel column using toluene and ethyl acetate (90:10 v/v) as eluent, yielding~30%. Electrospray ionuzation (EIS) mass in CH 2 Synthesis of 2-(benzo-18-crown-6)fulleropyrrolidine, 2 100 mg of C 60 (0.138 mmol), 5 eq. of 4′-formylbenzo-18-crown-6 [45] (235 mg, 0.694 mmol), and 3 eq. of sarcosine (37 mg, 0.416 mmol) were added to 100 ml of toluene, and the mixture was refluxed for 4 h. Solvent was removed under vacuum, and the crude compound was adsorbed onto silica gel and was purified on a silica gel column using toluene and Prior to the experiment, the electrode was polished with fine carborundum paper and then with a 0.5-μm alumina slurry. Subsequently, the electrode was sonicated in water to remove traces of alumina from the gold surface, washed with water, and dried. The reference electrode was made as follows: a silver wire was immersed in 0.010 M silver perchlorate and 0.09 M tetra(n-butyl)ammonium perchlorate in acetonitrile. The reference electrode was separated from the working electrode by a ceramic tip (Bioanalytical Systems Inc.). The counter electrode was a platinum tab with an area of about 0.5 cm 2 . Simultaneous voltammetric and piezoelectric microgravimetry experiments were carried out with a home-built potentiostat and an electrochemical quartz crystal microbalance, EQCM 5510 (Institute of Physical Chemistry, Warsaw, Poland). Plano-convex quartz crystals were used. The 14-mm diameter AT-cut, plano-convex quartz crystals with a 5-MHz resonant frequency were obtained from Omig (Warsaw, Poland). A 100-nm gold film, which was vacuum-deposited on the quartz crystal, served as the working electrode. The projected region of this Au electrode was 5 mm in diameter. The area of the circuit center spot and two contacting radial strips was 0.24 cm . The studied films were imaged by secondary electron with the use of the S-3000 N scanning electron microscope of Hitachi (Tokyo, Japan). The accelerating voltage of the electron beam was either 10 or 20 keV, and the average working distance was 5 mm.
Electrosynthesis of benzo-15-crown-5-C 60 /Pd or benzo-18-crown-6-C 60 /Pd films Two-component films of palladium and C 60 derivatives of crown ethers were synthesized by electrochemical reduction in acetonitrile/toluene (1:4, v/v) solutions containing fullerene derivative, palladium acetate, and tetra(n-butyl)ammonium perchlorate as the supporting electrolyte. Films were grown under cyclic voltammetry conditions at a potential sweep rate of 100 mV/s. The amount of material deposited on the electrode surface was obtained using EQCM. Under typical conditions (20 voltammetric cycles), about 55 μg/cm 2 of both polymers were deposited on the electrode surface. Assuming that the polymer forms a three-dimensional structure proposed by Nagashima and co-workers [46] , the mass of monolayer of formed films is equal to 0.148 and 0.155 μg/cm 2 for benzo-15-crown-5-C 60 /Pd and benzo-18-crown-6-C 60 /Pd, respectively. The size of polymeric monolayer is about 1.8 nm [34] ; the thickness of both films of about 350 nm was estimated for studied films. The electrochemical properties of the film were studied in an acetonitrile solution containing only the supporting electrolyte. In this case, the electrode covered with the film was removed from the growth solution, rinsed several times with an acetonitrile/toluene (1:4, v/v) and then placed in an acetonitrile solution containing supporting electrolyte. The modified electrode was allowed to equilibrate for 10 min while degassing with argon in a fresh solution before electrochemical measurements were performed.
Results and discussion
Two-component films of palladium and benzo-15-crown-5-C 60 /Pd or benzo-18-crown-6-C 60 /Pd were synthesized by electrochemical reduction in acetonitrile/toluene (1:4, v/v) solutions containing fullerene derivative, palladium acetate, and (n-Bt 4 N)ClO 4 as the supporting electrolyte. Cyclic voltammograms of the crown ether-C 60 /Pd formation are shown in Fig. 1 . The current observed at negative potentials during the negative potentials going scan is related to the process of palladium(II) and C 60 moiety reduction [32] [33] [34] . Upon repeated scanning of the potential between −200 and −1,300 mV, an increase of current in the potential range of fullerene cage reduction is observed. During potential scanning, a new electrochemically active phase grew on the electrode surface. Also, a shift of reduction potential toward more negative values is observed with the increase of scan number. This shift of reduction potential indicates that the polymeric phase grown on the electrode surface inhibits the process of palladium(II) and fullerene reduction. Similar behavior was observed for electrodeposition of films of palladium and other derivatives of fullerenes [37] [38] [39] . The morphology of both films is shown in Fig. 2 . Both films grow to a uniform thickness. They are relatively flat with a few outcroppings. The morphology of benzo-15-crown-5-C 60 /Pd and benzo-18-crown-6-C 60 /Pd films is similar to the one observed for C 60 /Pd film [32, 36] . However, films of crown ether derivatives of C 60 are more uniform in comparison to the films formed from pristine C 60 . For comparison, the morphology of C 60 /Pd film obtained for similar experimental conditions is shown in Fig. 2c .
Gold electrode covered with benzo-15-crown-5-C 60 /Pd and benzo-18-crown-6-C 60 /Pd films was transferred to acetonitrile solution containing only the supporting electrolyte, and cyclic voltammograms were recorded. Relevant data obtained in acetonitrile containing different supporting electrolytes are shown in Fig. 3 . Both benzo-15-crown-5-C 60 /Pd and benzo-18-crown-6-C 60 /Pd films are electrochemically active in the negative potential range due to the fullerene moiety reduction process. In the presence of the same supporting electrolyte, voltammetric responses of both films are similar (voltammograms a and b in Fig. 3 ). The charge transfer processes of the studied films are less reversible in comparison to reduction of C 60 /Pd polymer [32] . In the first reduction step, a sharp reduction peak at about −900 mV is observed. This peak disappears during the second and subsequent voltammetric cycles. A significant effect of supporting electrolyte cation is observed for the process of film reduction. It may be noted that the potentials of films reduction are less negative in comparison to the potentials of reduction obtained during the process of film formation (Fig. 1) . This is mainly due to the different solvents and compositions used in these experiments. Voltammograms presented in Fig. 1 were obtained during films deposition in acetonitrile-toluene containing Pd (ac) 2 , fullerene derivative and supporting electrolyte. In this case, recorded currents represent three overlapping processes, Pd(II) reduction, crown ether derivative of C 60 reduction, and electrode processes related to reduction of the polymer formed at the electrode surface. Voltammograms presented in Fig. 3 were obtained for polymeric film in acetonitrile solution containing only the supporting electrolyte. Therefore, in this case, voltammetric currents represent only processes related to the film reduction (during negative potentials going scan) and its re-oxidation in the following anodic scan. For the same amount of material deposited at the electrode surface, the charge corresponding to the reduction of benzo-15-crown-5-C 60 /Pd in solution containing alkali metal salts (voltammograms b and c in Fig. 3 ) is about 25% higher than the charge of reduction in solution containing tetra(n-alkyl)ammonium perchlorates (voltammogram d in Fig. 3 ). Such behavior indicates that the amount of material deposited on the electrode surface is being reduced during cathodic voltammetric cycle depends on the permeability of polymeric phase to the counter ions transport.
The process of polymeric layer reduction is accompanied with the transport of the supporting electrolyte ions due to charge balancing. In the case of solutions containing alkali metal cations, the process of reduction of the film can be described by one of the following processes: In Eqs. 1 and 2, the cations, C + , move from the bulk electrolyte to the vicinity of the reduced chain site. Cations can be complexated by the crown ether ring (Eq. 1) or can occupy empty spaces in the polymer network (Eq. 2). In the third process (Eq. 3), anions (A − ) which are already present in the film depart from the polymer to the solution. In order to distinguish between cation and anion transport, electrochemical quartz crystal microbalance studies were performed. In Fig. 4 , curves of the changes of resonant frequency, Δf, vs. potential are presented for benzo-15-crown-5-C 60 /Pd film covered electrode in acetonitrile containing LiClO 4 (panel a) and tetra(n-butyl)ammonium perchlorate (panel b). In acetonitrile solution containing tetra(n-butyl)ammonium perchlorate, decrease of resonant frequency is observed in the potential range of film reduction process. These Δf changes are related to the mass changes due to the supporting electrolyte cations incorporation into the film in order to maintain charge neutrality. Such behavior was also observed for C 60 /Pd film [34] . The process of benzo-15-crown-5-C 60 /Pd and benzo-18-crown-6-C 60 /Pd films reduction in presence of large tetra(n-alkyl)ammonium cations can be described by cation-involved charge transfer process (Eq. 2). A completely opposite effect is recorded for solution containing LiClO 4 . In this case, increase of resonant frequency is observed in the potential range of film reduction indicating a decrease of mass at the electrode surface. Such behavior is related to the undoping of the ions from the film. Therefore, the process of film reduction can be described by anion-involved charge transfer process (Eq. 3). The potential ranges of frequency changes correlate very well with the current changes related to the films electroreduction (Fig. 3) . A small shift in potentials of voltammetric and frequency responses during films reduction is related to the higher uncompensated IR effect on large electrode used in EQCM measurements.
From the values of frequency changes and the mass of incorporated supporting electrolyte ions, the ratio of the charge related to the polymer reduction process in solution containing different supporting electrolytes can be calculated. Results presented in Fig. 4 indicate that the charge of benzo-15-crown-5-C 60 /Pd in LiClO 4 is about 29% higher in comparison to the charge corresponding to the same film reduction in acetonitrile containing tetra(n-butyl)ammonium perchlorate. This value agrees well with results obtained on the base of voltammograms (Fig. 3) integration.
After changing of direction of potential scan, frequency increases (in the case of tetra(n-butyl)ammonium perchlorate) or decreases (for LiClO 4 containing acetonitrile solution) to a value lower than the initial frequency on the beginning of the initial cathodic scan. Differences between initial frequency in the first and second voltammetric cycle are higher for solution containing tetra(n-butyl)ammonium perchlorate. Presumably, this is due to the structural changes associated within the film during electroreduction. Such behavior was observed during charging/discharging processes of other conducting polymers [47] [48] [49] . A process of irreversible solvent swelling during cathodic cycle can be also responsible for observed differences in starting and final frequency. A slow decomposition of material deposited on the electrode surface due to the counter ions incorporation is also possible. A size of doping ions should be an important parameter in this case.
Voltammetric responses of studied films in acetonitrile solution containing only supporting electrolyte depends on the conditions of film formation and particularly on the concentration of polymerization precursors in the grown solution. Figure 5 shows the effect of ratio of palladium acetate concentration to the concentration of crown ether derivative of C 60 , [Pd]/[crown-C 60 ] in the grown solution, on the electrochemical properties of benzo-15-crown-5-C 60 /Pd film in acetonitrile containing LiClO 4 . All voltammograms were obtained for the same mass of polymeric material deposited at the electrode surface. The amount of deposited material was calculated from calibration curves obtained by EQCM. The increase of palladium acetate in grown solution results in decrease of charge of film reduction. Films formed in solution containing large excess of palladium acetate exhibit less reversibility (voltammogram c in Fig. 5 ). In the negative potential range, current related to reduction of fullerene moieties is observed. Initially, reduction of fullerene cage results in the formation of sharp reduction peak R 1 at potential of about −900 mV. This peak is probably related to the reduction of surface layer of benzo-15-crown-5-C 60 /Pd film having direct contact with solution of electrolyte. At more negative potentials, reduction current slowly increases. These current changes are related to the reduction of benzo-15-crown-5-C 60 /Pd material buried deeply in the film. In positively going potential sweep, partial re-oxidation of the film is observed at negative potentials, peak O 1 . The charge of oxidation at negative potentials is substantially lower compared with the reduction charge. A ratio of Q Ox /Q Red of 0.65 was found. Additional slow oxidation of the film is observed at less negative potentials (peak O 2 ).
Films formed in solution containing [Pd]/[crown-C 60 ] ratio lower than 15:1 show much higher reversibility of fullerene moieties reduction in the negative potential range (voltammogram b in Fig. 5 ). In this case, the Q Ox /Q Red ratio is close to 1. The effect of grown solution composition on the benzo-15-crown-5-C 60 /Pd film electrochemical properties are similar to that observed earlier for C 60 /Pd film [50] . In solutions of high concentration of Pd(ac) 2 , simultaneous deposition of polymer and metallic particles of palladium take place. Films containing metallic palladium are relatively smooth and exhibit low porosity. The compact and non-porous structure of these films limits the rate of counter-ion transport during the film reduction. In this case, irreversible voltammetric behavior is observed in solution containing only the supporting electrolyte. Films formed in solution containing low concentration of palladium acetate are much more porous. The structure of these films allows for solvent wetting and for penetration of the film with ions of supporting electrolyte. In these systems, reversible charge transfer process is observed (Fig. 5a ). Relations of peak potential on the ln c obtained for the process of benzo-18-crown-6-C 60 /Pd film reduction in acetonitrile containing different concentration of KPF 6 and tetra(n-butyl)ammonium perchlorate are shown in Fig. 6 . Assuming that the charge transfer process of the film reduction is reversible and described by the Nernst equation, the formal potential for the film reduction process on the supporting electrolyte concentration is expressed by the following equation [51] :
Here, Eq. 4 represents potential changes of the process described by reaction (3). The process that involves doping of the layer with cations of supporting electrolyte, reaction (1) and (2), is described by Eq. 5. Equation 4 predicts a negative shift of formal potential with increase of anion concentration in the solution. Such behavior is observed for the process of film reduction in solution containing KPF 6 . A good linear E p -ln c with a slope of 24 mV/ln unit is observed. The value of this slope is very close to the one predicted by Eq. 4 which is equal to 25 mV/ln unit at 20°C. The above results also indicate that the process of polymer reduction in solution containing alkali metal cations is described by reaction (3), and alkali metal cations are bound by crown ether cavity. A positive shift of reduction potential is observed for solution containing tetra(n-butyl)ammonium perchlorate. A slope of linear relation between E p and ln c is equal to 29 mV per ln unit. This value is slightly higher that the theoretically predicted slope due to partially uncompensated solution resistance. Results obtained for solution containing tetra(n-butyl)ammonium perchlorate indicate that cations of supporting electrolyte are involved in the process of film reduction in solution containing tetra(nalkyl)ammonium salts according to reaction (2) .
The above presented results indicate that benzo-15-crown-5-C 60 /Pd and benzo-18-crown-6-C 60 /Pd films coordinate alkali metal cations from the solution by crown ether moiety. The formation constant of crown ether complexes of alkali metal cations depends on the size of metal ion and the size of Plot of peak potential of benzo-18-crown-6-fulleropyrrolidine/ Pd film electroreduction versus a KPF 6 and b teta(n-butyl)ammonium perchlorate concentration in acetonitrile. Sweep rate was 100 mV/s. The benzo-18-crown-6-fulleropyrrolidine/Pd film was grown under cyclic voltammetric conditions in acetonitrile/toluene (1:4, v/v) containing 0.10 M tetra(n-butyl)ammonium perchlorate, 0.30 mM benzo-18-crown-6-fulleropyrrolidine, and 3.10 mM Pd(ac) 2 crown ether cavity. Therefore, a selective complexation of alkali metal cations can be expected for studied polymers. The primary study of the selective bonding of alkali metal ions were done for electrodes covered with benzo-18-crown-6-C 60 / Pd film. The modified electrode was immersed in acetonitrile solution containing tetra(n-butylammonium) perchlorate as supporting electrolyte. After potential equlibration, a constant portion of solution containing either LiClO 4 or KPF 6 were added. Figure 7 shows the changes of the potential of the electrode modified with benzo-18-crown-6-C 60 /Pd after addition of solution containing either K + or Li + ions. The shift of electrode potential in the presence of alkali metal cations is observed. For the same concentration of added cation, potential changes are higher for K + in comparison to Li + ions. The trend in potential changes agrees with differences in the formation constant of benzo-18-crown-6 complexes of Li + and K + . For benzo-18-crown-6 complexes, formation constant, K, is in order Li + <Na + <K + > Cs + [22] .
Conclusions
Crown ether-bearing fulleropyrrolidine derivatives can be electrochemically introduced into the polymeric network through palladium atoms coordinated directly to the fullerene cage in η 2 fashion. These systems exhibit electrochemical activity in the negative potentials range due to the C 60 moiety reduction. In solution containing large tetra(alkyl)ammonium cations, the polymer reduction process is accompanied by the transport of tetra(alkyl) ammonium cations from the solution to the polymeric phase. In the presence of alkali metal cations in solution, the cations are coordinated to the crown ether moiety. In order to balance positive charges, the film is simultaneously doped with anions of supporting electrolyte. During the film reduction, these anions are transported from the polymeric phase to the solution. Therefore, the doping process can be tuned by changing solution composition. Polymers based on crown ether-bearing fulleropyrrolidine can also selectively coordinate alkali metal cations depending on the size of crown ether cavity and cation radius.
